The pattern of capillary plasma perfusion was in vestigated in the rat brain during functional activation, Func Abbreviations used: CV, coefficient of variation; MABF, mean ar terial blood pressure. 1300 from measurements of CBF using the [ 1 4q-iodoantipyrine technique in a second experimental group. CBF in the left whisker-barrel c0l1ex increased with the stimulation frequency and was maximal at 5 Hz compared to the right side. Con versely, plasma perfusion heterogeneity decreased with stimu lation frequency in a reciprocal way, being minimal at 5 Hz.
In the past, discussion of the microcirculation in the brain was focused on the question of whether or not capillaries are closed and opened when CBP is changed (Klein et aI., 1986; Kissen and Weiss, 1989 ; Gobel et aI., 1990 ; Kuschinsky and Paulson, 1992; Williams et aI., 1993) . Weiss (1988) postulated a partial perfusion of about half of the capillaries under normal conditions. In contrast, our group demonstrated a complete filling of all brain capillaries with plasma within 5-10 s after i. v. bolus injection of a fluorescent dye (Klein et aI., 1986; Theilen et aI., 1993) . Complete capillary perfusion has also been verified for pathophysiological conditions such as streptozotocin-induced diabetes (Knudsen et aI., 1991) or incomplete forebrain ischemia (Theilen et aI., 1993) . The divergent findings of Weiss (1988) have been as cribed to methodological defects of the technique applied (Kuschinsky and Paulson, 1992) . The lack of capillary recruitment that follows from these findings has been principally supported by Chen et aI. (1995) . These au-thors have estimated influx rate constants, (KI), and per meability-surface area products for 14 C-iodoantipyrine and l 4 C-3-0-methyl-glucose by quantitative autoradiog raphy when CBP was increased locally in various brain areas during acute nicotine treatment. Prom their data, they concluded that essentially no additional capillaries were recruited under these conditions of hyperemia. The concept of continuous perfusion of all brain capillaries with plasma has also been corroborated by confocal laser microscopy of superficial brain capillaries in vivo (Villringer et aI., 1989 (Villringer et aI., , 1994 .
Although intravital microscopy has the advantage that flow can be observed continuously in single capillaries, it is limited by the technical constraint that only a few capillaries close to the brain surface can be investigated.
Analysis of a large number of capillaries in various brain structures appears to be helpful with respect to the de tection of potential differences in the flow of single cap illaries. Such analysis is possible by using a method re cently developed in our laboratory (Abounader et aI., 1995 (Abounader et aI., 1995) . When CBF was de creased by hypocapnic hyperventilation, the plasma per fusion heterogeneity changed incoherently whereas it de creased considerably during an increase in CBF induced by hypercapnia (Abounader et aI., 1995; Vogel et aI., 1996) .
The aim of the present study was to investigate the heterogeneity of plasma perfusion during changes of CBF induced by functional activation of a specific brain area. As a model of functional activation, the mechanical stimulation of the whiskers of rats was used. Laser Dopp ler flowmetry (Lindauer et aI., 1993) , videomicroscopy, (Cox et a., 1993) and H2 clearance studies (Moskalenko et aI., 1996) have shown an increase of the blood flow in the corresponding brain cortex, i.e., the whisker-barrel cortex, during deflection of the whiskers of rats. In ac cordance with these studies whiskers of one side of the muzzle of the rats were deflected rhythmically and either local blood flow or capillary perfusion heterogeneity was measured in the whisker-barrel cortex of the contralateral side. The ipsilateral side served as control. (Janssen et aI., 1975; Famewo and Odugbesan, 1978) , was chosen to mini mize the effects of anesthesia on the parameters measured.
METHODS

Surgical procedure
Experimental procedure
A home-made mechanical stimulator was placed next to the right side of the muzzle of the rat and all whiskers were de flected rhythmically and maximally, front-to-back, using a single defined frequency within the natural range of the whisk ing frequency, 1-7 Hz (Welker, 1964) . Care was taken that the whiskers of the left side received no stimulation. Stimulation lasted for 2 min without touching common fur or other parts of the muzzle. After this time period, blood flow within the whisk er barrel field reaches a steady state (Dimagl et aI., 1993;
Lindauer et a!., 1993). Then, the final acid-base status of arte rial blood was determined and either 4-iodo-N-methy1-[14C]
antipyrine or Evans blue infused.
Intracapillary dye distribution was measured in seven rats.
To this end, I ml/kg 2% Evans blue dissolved in 0.9% saline was injected into the left femoral vein as a bolus, ending after -0.2 s duration. Timed arterial blood samples (4-7 droplets/s) were taken simultaneously from the free flowing arterial cath eter and collected separately on sheets of aluminum foil. Rats were decapitated during the phase of the increasing arterial concentration of Evans blue, i.e., 3-4 s after the bolus injection of the dye, when the first distinct blue-colored droplet appeared on the aluminum foil.
Measurement of intracapiUary dye concentration
Brains were rapidly dissected out, frozen in 2-methylbutane chilled to -60°C, and divided sagittally into two equal parts.
Both hemispheres were cut immediately at -20°C in a 2800
Frigocut E cryomicrotome (Leica, Nussloch, Germany). Alter nating sections of 5 and 20 !Lm thickness were obtained by slicing in a plane tangential to the whisker-barrel field of the cerebral cortex according to previous studies (Durham and Woolsey, 1978; Melzer et aI., 1985) . The sagittal planes of the brain halves were adjusted to the sectioning plane with an angle in the coronal plane of 30°, which opened to the bregma, and an angle in the horizontal plane of 10°, which opened to the ros trum ( Fig. I) . These angles were the best planes for tangential sectioning, as determined in preliminary experiments. The map given by Woolsey and Van-der-Loos (1970) for mice served as a guide. Sampling of sections was started 400 !Lm beneath the brain surface and was stopped when subcortical white matter appeared. The 20 !Lm sections were transferred to a slide and stained for activity of succinate dehydrogenase according to Riddle et al. (1993) . Concentrations of enzymes of the oxida tive metabolism, e.g., succinate dehydrogenase or cytochrome oxidase, are higher in the whisker-barrel field than in the sur rounding cortex (Wong-Riley, 1979 ; Riddle et a!., 1993; Killackey et aI., 1994) . Each of the corresponding 5 !Lm sec tions was transferred to a slide that had been covered just before with a thin film of a solution containing 1.82 g sucrose + 0.18 g glucose/ml H20 and kept at room temperature. Im mediately «0.5 s) after taking up the frozen section, the slide was dipped into cold acetone (-20°C) for 20 s. Slides were then
Schematic drawing of the mounting procedure in the cryomicrotome. The dotted area shows the whisker-barrel cortex, which was sectioned in a plane tangential to the cortical surface. 
Measurement of CBF
In seven rats, local CBF was determined in the whisker barrel cortex of both sides by the autoradiographic method of 
Analysis of data
In each rat, the difference of the CV (SD/mean x 100%) between the left and right sides of the whisker-barrel cortex were calculated for intracapillary Evans blue concentrations.
These values as well as the differences of blood flow between the left and right sides of the whisker-barrel cortex were related to the corresponding stimulation frequency. In order to test whether all whisker stimulations were followed by changes in blood flow and/or perfusion heterogeneity, the data obtained for all different stimulation frequencies were pooled. Then, the existence of significant ditIerences in blood flow and perfusion heterogeneity between the stimulated and the contralateral con trol side was tested for using the Wilcoxon test for pair differ ences. Differences in the physiological variables between the Evans blue and the iodoantipyrine groups were tested using Student's t-test for independent samples. Table 1 shows the physiological variables measured during whisker stimulation. No significant differences could be found between groups.
RESULTS
The exact position of the whisker-barrel cortex was verified for each section from adjacent sections stained for the activity of succinate dehydrogenase. Figure 2A shows an example of a succinate dehydrogenase stain of the whisker-barrel field in which the area of measure ment has been marked. In this figure, the typical pattern of the whisker-barrel cortex (Woolsey and Van-der Loos, 1970; Riddle et aI., 1993) is clearly visible Figure  2B shows, for comparison, an autoradiogram of 14 C_ iodoantipyrine obtained from the adjacent section in which the whisker-barrel field that corresponds to the adjacent histological stain has been marked. Figure 3 shows Table 2 . helped to identify the whisker-barrel cortex in adjacent sections, which were used for measurement of plasma perfusion hetero geneity or CBF. The whisker-barrel cortex is marked by arrow heads. b: [14C]-iodoantipyrine autoradiogram of the adjacent sec tion taken for measurement of blood flow. Increased optical den sity (arrow heads) demonstrates a higher blood flow in the whisk er-barrel field than in the surrounding cortex. Bar, 1 mm; stars, rostral position.
the CV s obtained at the different stimulation frequencies are summarized in Table 2 .
DISCUSSION
In the present study, heterogeneity of the capillary stimulation frequency (Hz)
FIG. 3. Left-right difference of blood flow in the whisker-barrel cortex plotted against the frequency of mechanical whisker stimu lation. Differences in CBF between the activated whisker-barrel cortex and the corresponding nonactivated contralateral cortex showed a maximum of 40 ml 100 g min-1 at 5 Hz. This finding indicates an optimal stimulation frequency of 5 Hz for the induc tion of functional hyperemia.
used for the investigation of cerebral blood flow during functional activation of the brain (Cox et aI., 1993; Lindauer et aI., 1993; Masino et aI., 1993; Moskalenko et aI., 1996) . In addition, cerebral glucose metabolism (Durham and Woolsey, 1978; Melzer et aI., 1985) and various electrophysiological parameters have been stud ied (Simons, 1978 (Simons, , 1985 Welker et aI., 1993) . Acute removal of single rows of whiskers (Durham and Wool sey, 1978) or stimulation of single whiskers (Melzer et aI., 1985) in awake mice results in corresponding pat terns of decreased or increased glucose metabolism in single barr els of the contralateral whisker-barrel field.
Since mechanical stimulation of whiskers is a well established approach to the study of functional hyper emia in the brain, it was chosen for the present study to test the heterogeneity of plasma flow in the cerebral mi crocirculation during functional hyperemia.
The present study shows heterogeneity of plasma tran sit time in different capillaries during unstimulated con- (Lindauer et aI., 1993) . These results are in accordance with those of the present study, which showed an CBF of 12.3% for all pooled stimulation fre quencies.
The cause of the heterogeneity of plasma flow and its changes observed in the present and our recent studies (Abounader et aI., 1995; Vogel et aI., 1996) From the present study, it can be concluded that an increase in blood flow induced by functional activation of the brain cortex results in a decrease of the heteroge neity of capillary plasma perfusion. Microvascular per fusion in the brain appears to become more homoge neous during an increase in CBF, independent of the cause of the hyperemia.
